Multipoint covalent immobilization of enzymes (through very short spacer arms) on support surfaces promotes a very interesting 'rigidification' of protein molecules. In this case, the relative positions of each residue of the enzyme involved in the immobilization process have to be preserved unchanged during any conformational change induced on the immobilized enzyme by any distorting agent (heat, organic solvents etc.). In this way, multipoint covalent immobilization should induce a very strong stabilization of immobilized enzymes. Epoxy-activated supports are able to chemically react with all nucleophile groups placed on the protein surface: lysine, histidine, cysteine, tyrosine etc. Besides, epoxy groups are very stable. This allows the performance of very long enzyme-support reactions, enabling us to get very intense multipoint covalent attachment. In this way, these epoxy supports seem to be very suitable to stabilize industrial enzymes by multipoint covalent attachment. However, epoxy groups exhibit a low intermolecular reactivity towards nucleophiles and hence the enzymes are not able to directly react with the epoxy supports. Thus a rapid physical adsorption of enzymes on the supports becomes a first step, followed by an additional rapid 'intramolecular' reaction between the already adsorbed enzyme and the activated support. In this situation, a suitable first orientation of the enzyme on the support (e.g. through regions that are very rich in nucleophiles) is obviously necessary to get a very intense additional multipoint covalent immobilization. The preparation of different 'generations' of epoxy supports and the design of different protocols to fully control the first interaction between enzymes and epoxy supports will be reviewed in this paper. Finally, the possibilities of a directed immobilization of mutated enzymes (change of an amino acid by cysteine on specific points of the protein surface) on tailor-made disulfide-epoxy supports will be discussed as an almost-ideal procedure to achieve very intense and very efficient rigidification of a desired region of industrial enzymes.
industrial implementation. Among these drawbacks are the use of toxic reagents, sophisticated activation of the supports and low stability of the reactive groups [2] . In industry, we intend to fully coat the support surface with the protein to get a high volumetric activity, improving its properties (e.g. stability) and using simple and non-contaminant protocols.
We must bear in mind that the main objective of the enzyme immobilization is the reuse of the enzyme. However, that is only possible if the immobilized enzyme preparation is stable enough and is active for many reaction cycles. Thus the biocatalyst's stability is one of the keys to get a successful bioprocess implementation.
Any immobilization of an enzyme in a porous support may improve its operational stability without affecting the overall rigidity of the enzyme structure. Thus the immobilized enzyme will be more stable than the soluble enzyme if the enzyme is exposed to gas/liquid interfaces (stirred systems, bubbling of oxygen or other gases etc.) [6] [7] [8] . Moreover, immobilization on porous supports also prevents proteolysis (which is not possible if the enzyme and any contaminant protein is immobilized and dispersed on a support), aggregation and any other intermolecular phenomena. The use of non-porous supports reduces these advantages; the enzyme is exposed to intermolecular interactions like a soluble enzyme [7] .
Real rigidification of the enzyme structure should be expected only if an intense multipoint covalent attachment between the enzyme and the support is obtained [9, 10] . This should fix the relative positions of all the implied groups and reduce the protein mobility. This multipoint covalent attachment is a quite complex process, in which two non-complementary structures (the surface of a protein and the surface of a support) are forced to react. To achieve this, careful design of the support and immobilization conditions is required.
Moreover, immobilization may be used to improve other enzyme features, such as increasing the activity [11] [12] [13] [14] , decreasing inhibitions [15, 16] , modulating selectivity and specificity [17] [18] [19] [20] [21] [22] [23] [24] or improving the enzyme behaviour in synthetic processes [25] [26] [27] .
In fact, although an apparently old topic, the control of the immobilization process (region of the enzyme implied in the immobilization, degree of support-enzyme interaction) is still very far from complete. Thus the development of new immobilization protocols that permit immobilization of high amounts of proteins in a simple and controlled fashion and improve its properties is still necessary to come close to the industrial implementation of enzymes.
Immobilization of enzymes on epoxy supports
Epoxy-activated supports are almost-ideal matrixes to perform a very easy immobilization of proteins on both a laboratory and industrial scale [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . These supports are directly supplied in an activated form. Moreover, they are very stable during storage, even suspended in neutral aqueous media. Hence, they can be produced in one factory and used in a very distant one. Moreover, it is possible to carry out longterm immobilizations, permitting us to fully cover the support surface with the enzyme. Furthermore, epoxy-activated supports react with proteins under very mild experimental conditions (e.g. pH 7.0), promoting very small chemical modifications of the protein (secondary amine, thioether and ether). Thus it is possible to find in the market several epoxy supports that are recommended to immobilize proteins (e.g. Eupergit R C, Eupergit R 250 and Sepabeads). Epoxy-agarose is available but not recommended for this goal.
It has been described that soluble proteins are scarcely reactive with epoxy groups at neutral pH values. This low reactivity of epoxy supports causes the immobilization of enzymes on these supports to be produced via a two-step mechanism: first, a rapid and mild physical adsorption of the protein on the support is produced; secondly, a covalent reaction between the adsorbed protein and neighbouring epoxide groups occurs [38] [39] [40] [41] (Figure 1 ). Due to this mechanism, commercial epoxy supports utilized to immobilize proteins are fairly hydrophobic, in order to adsorb proteins when they are incubated at high ionic strength (by a hydrophobic interaction), whereas hydrophilic supports (e.g. agarose) are not recommended for this purpose. Using some of the currently available supports (Sepabeads and Eupergit R ), even 100 mg of protein/ml of packed support may be achieved, which is a very high loading capacity, and competes with any other available supports.
Stabilization of enzymes on conventional epoxy supports
Epoxy groups also present some excellent properties to produce stabilizing multipoint immobilizations that can be summarized as follows.
(i) They are attached to the support surface through short spacer arms (e.g. activation with epichlorohydrin preparation of glycidyl methacrylate resins). This means that all the groups involved in the immobilization are quite fixed in their relative positions.
(ii) There is a very dense monolayer of reactive and stable epoxy groups on the support. Only if many reactive groups of the support are under the enzyme, is it likely to have an intense multipoint covalent attachment [42] .
(iii) Epoxy groups are able to react with different groups of the proteins that are very abundant on the protein surface (amino, thiol, phenolic and imidazole).
(iv) The reaction of these nucleophile groups of the proteins with epoxy groups of the support is not affected by steric hindrances. Again, this is critical to achieve reaction between two non-complementary structures with decreased mobility (an enzyme already immobilized through several points to the support and a support surface) [42] .
(v) Because of the stability of epoxy groups, the immobilization process may be performed for long periods of time and under a wide range of conditions, including alkaline pH (e.g. pH 10) [43, 44] .
(vi) The enzyme-support reaction may very easily be stopped by blocking the epoxy groups with very different reagents (mercaptoethanol, ethanolamine, glycine etc.) [29] . This enables us to control the final physical properties of the support surface [44] .
The hydrophobic nature of the supports, which is necessary to immobilize the proteins (in fact, hydrophilic agarose is not recommended to immobilize proteins), promotes the presence of a hydrophobic surface close to the protein surface. In some cases, this may have strong negative effects on the enzyme properties. However, it may be resolved by using hydrophilic reagents during the blocking steps, for example, glycine [44] . This negative effect is more significant when the enzyme support interactions are higher: thus it is stronger using Sepabeads than using Eupergit R . It is possible to find several examples in the literature that show interesting immobilization yields and stabilization of enzymes by immobilization on epoxy supports under mild conditions (Table 1) [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . High immobilization yields (54-100%) were obtained in many cases, such as for glucose-oxidase [52] or trypsin [50] on Eupergit R C or L-Ncarbamoylase on Eupergit R 250L. Furthermore, cholesterol oxidase protein immobilized on pHEMA-GMA epoxy support was 2.5 times more stable than the free preparation when the different preparations were incubated at 50
• C [46] . In the case of dextran sucrase, the immobilization on Eupergit R C permitted us to obtain high stabilization at 30
• C (up to 30 times more stable than the soluble one) [49] (Table 1) .
However, the promotion of a maximal multipoint immobilization requires enhancing the reactivity of the enzyme residues placed in the neighbourhood of the support surface. Such reactivity may be very low at neutral pH conditions, where standard immobilization is carried out (Figure 2 ). For example, surface lysine residues may present a pK of approx. 10.5 and hence they, the most frequent nucleophile groups on the enzyme surface, are hardly reactive at neutral pH. This reactivity improves at alkaline pH. On the other hand, it may be expected that the reactive groups on the enzyme and the reactive groups on the support are not correctly aligned (in fact proteins and solid supports are very dissimilar and rigid structures). Consequently, we can assume that the formation of intense multipoint covalent immobilization could require very long periods of time to permit the correct alignment between the reactive groups [42] . In addition to that, the use of moderately high temperatures (e.g. 25
• C) could also promote a higher flexibility on the enzyme molecule and favour its reactivity toward the dense layer of reactive groups on the support.
Thus it has been shown in several examples that the enzyme stability after immobilization on epoxy supports may be improved by long-term incubation at alkaline pH value. Table 2 shows some examples. Using this strategy, the stabilities of some enzymes may be improved even by several orders of magnitude [43, 44, 59, 60] . In this case, positive effects in terms of stabilization were higher using a support having higher congruence with the enzyme (e.g. stabilization could be higher using Sepabeads than Eupergit R ).
Second generation of epoxy supports: heterofunctional supports prepared by modification of the epoxy groups
Although some positive results have been achieved using conventional epoxy supports, they presented several limitations. Only proteins that remain active and soluble in high salt concentration could be immobilized on the support. Moreover, very hydrophilic proteins cannot be immobilized (e.g. highly glycosylated proteins). In fact, it has been described that only approx. 70% of the proteins contained in protein extracts could be immobilized on these supports after 24 h [61] . Furthermore, proteins are immobilized via the most hydrophobic area, and that may be negative for the enzyme activity (in many cases, such as in chymotrypsin or trypsin activity decreased by 80% [43] ), while in other cases, it simply might nullify it (β-galactosidase from Aspergillus oryzae [61] ). In other cases, this area may contain a low amount of nucleophiles, giving low multipoint covalent attachment between the enzyme and the support and, therefore, low stabilization. Moreover, the hydrophobicity of the support may play a negative effect on enzyme stability, even if it is attenuated by effective blocking.
To reduce the limitations of conventional epoxy supports, the two-step mechanism for covalent immobilization of proteins on epoxy supports has been employed to design new multifunctional supports, as a second generation of epoxy supports that are able to covalently immobilize enzymes, antibodies and other proteins under very mild experimental conditions. In general, these multifunctional supports should contain two types of functional groups ( Figure 3 ): (i) groups able to promote the physical adsorption of proteins (e.g. by ion exchange and by metal-chelate adsorption), introduced on the support by modification of the epoxy groups; and (ii) groups able to covalently immobilize the enzyme (e.g. epoxy groups).
In this way, enzymes were physically adsorbed on the support via different phenomena and then the covalent linking could take place between nucleophilic groups of the protein (amino, thiol and hydroxy groups) and the epoxy [19, 44, 54, [62] [63] [64] . Obviously, long-term incubation at alkaline pH values will still be necessary to improve the multipoint covalent attachment. This strategy will present some additional advantages.
(i) The immobilization may be performed under very different conditions: different ionic strength, pH values etc.
(ii) The use of two of these different supports is enough to immobilize 100% of the proteins contained in different protein extracts [44] .
(iii) The immobilization of the enzyme may involve very different orientations. Although this is via trial and error, it is possible to find orientations where an enzyme was more active or was more stabilized (Table 3) . For example, the enzyme, epoxide hydrolase, from Aspergillus niger and lactase from A. oryzae became almost inactivated when immobilized on conventional supports [44] , while its activity remained almost unaltered when immobilized on heterofunctional epoxy-amino-supports. Moreover, stability of immobilized lactase from Thermus sp. was very different when immobilized on different heterofunctional epoxy supports [59] . (iv) One very nice application of these supports is to use an affinity moiety to modify some epoxy supports, and in this way to selectively adsorb the protein before the multipoint covalent attachment. This may permit the one-step purification-immobilization-stabilization of target proteins. For example, IDA-Me-epoxy supports have been successfully used for the one-step purification-immobilization-stabilization of poly-His-tagged proteins ( Figure 5 ) [65, 66] . The use of tailor-made supports, controlling the amount of IDA-Me 2+ groups, permitted that only polyHis-tagged proteins become adsorbed and reactive, making these enzymes the only ones that can react with the support. The incubation under optimal conditions allowed us to greatly improve the enzyme stabilities. This strategy has been successfully employed with poly-His-tagged glutaryl acylase (where it was possible to determine the stabilization of the dimeric structure of the enzyme) and a poly-His-tagged β-galactosidase from Thermus sp. In this case, the only way to have an industrial biocatalyst with pure enzyme was the use of this strategy, because of the trend of the pure enzyme to form aggregates [67] .
(v) It is no longer a requirement that the support should have a hydrophobic nature: even heterofunctional agarose (vi) Finally, immobilization of lipases on these supports exhibited very different enantioselectivity, and has been used to modulate the lipase properties [62, 63] . This may be a consequence of the different orientation of the lipases on the support surface that may promote different effects on the movements of lipases during catalysis.
Third generation of epoxy supports: heterofunctional amino-epoxy supports
The first heterofunctional supports described above, where the adsorbing groups derived from the epoxy groups, have one main problem: it is necessary to reach a compromise solution in the degree of epoxy modification to have a good enzyme adsorption rate and a high covalent immobilization rate ( Figure 6 ). This means that a very small modification of the epoxy groups on the support surface (e.g. to modify 20% of the epoxy groups with amino groups) may be introduced, in order to preserve the maximum amount of epoxy groups. The final result is that only moderate protein immobilization rates may be obtained. Moreover, the decrease of epoxy groups even by only 20% can decrease the possibilities of achieving an intense multipoint covalent attachment, mainly because the layer of adsorbent groups is over the epoxy layer and this may promote some steric hindrances to the support-enzyme reaction. Recently, the company Resindion SRL has developed a new product, named Sepabeads EC-HFA, where the epoxy groups have been introduced on a layer of ethylenediamine [66] [67] [68] [69] . This support has as the main advantage the possibility of having a very high amount of amino groups and a very high density of epoxy groups simultaneously, because they are in a 1:1 ratio (Figure 7 ). Thus this support solves the previous problems using the second generation of supports, keeping all the advantages. Table 4 shows the good results obtained using these matrices with a set of different enzymes: higher immobilization yields, activity recoveries and immobilization rates when compared with standard supports.
Moreover, it has advantages compared with the second generation of amino-epoxy supports. Immobilization rates may be very high. Besides, Figure 8 shows that the immobilized β-galactosidase from A. oryzae and glutaryl acylase were more stable using this commercial support than the second-generation amino-epoxy support (although both derivatives were much more stable than the soluble enzyme). This could be related to likely hindrances to the enzyme-support reaction generated by the groups inserted in the second amino-epoxy generation.
It is likely that, in the future, similar supports bearing other adsorbent moieties may be developed, on both a commercial and an industrial scale.
Fourth generation of epoxy supports: thiol epoxy supports
Using the previous epoxy supports, it is possible to immobilize one protein via different regions (those having the highest negative or positive charges, the highest density of histidine groups etc.). However, it is very likely that each protein may have more than one area with these properties, promoting the existence of different immobilized protein subpopulations, perhaps with different properties.
In order to improve the control of the immobilization, recently, a new bifunctional epoxy support has been described. [70] . Using these supports, proteins containing exposed cysteine or proteins that have been chemically modified to introduce a thiol group are firstly covalently immobilized via a thiol-disulfide exchange between the surface thiol groups of the protein and the thiol-reactive moieties of the support or vice versa (Figure 9 ). Thiol groups are the most reactive nucleophiles found in proteins, and they react with disulfide groups at a relatively high rate under a wide range of pH values. One possible disadvantage of this idea is that the frequency of occurrence of thiol groups in proteins is usually low [71] . However, this apparent disadvantage may be transformed into a great advantage if we intend to use this support as a new and very efficient tool to drive the attachment of the protein to the support via a very well defined area within the protein.
This support could promote the rigidification of those areas near the thiol group, via the formation of multipoint covalent linkages between its very different surface nucleophiles (lysine, histidine, tyrosine, serine etc.) and the epoxy groups of the support. In fact, chemically thiolated (one thiol per enzyme molecule) PGA (penicillin G acylase) from Escherichia coli and lipase from Rhizomucor miehei have been significantly stabilized by multipoint immobilization on these epoxy-thiol supports [72] .
However, the most interesting possibility opened by this new support is the opportunity to couple it with sitedirected mutagenesis of the protein surface to perform site-directed rigidification. At first glance, immobilization on these supports of genetically engineered proteins with cysteine residues introduced on different selected places (one mutation in each molecule) of the surface of the protein should permit us to achieve the culmination of the dream of the enzyme technology: the absolute control of the immobilization. Now, it may be possible to prepare a library of enzyme derivatives where the orientation is fully determined by the position of the cysteine residue (Figure 10 ). In our laboratory, in preliminary work (V. Grazú, unpublished work), we have already been able to prepare different multipoint covalently immobilized derivatives of PGA having cysteine on different regions of the enzyme surface using this new support. The different preparations presented very different stabilities and catalytic properties. Moreover, it may be possible to enrich the areas of the protein surface surrounding the cysteine in nucleophiles to increase the prospects of achieving a more intense multipoint covalent attachment. Similar strategies have proven to be useful using glyoxyl supports [73, 74] . In fact, it appears that the genetic engineering of the enzyme surface has a low impact on the enzyme activity/stability of the proteins.
Thus future work using this support coupled with protein engineering of the protein surface to get site-directed rigidification of enzymes may permit us to greatly improve the design of many biotransformations, not only improving its stability, but also modulating their catalytic properties. For example, in the case of lipases and PGA, the modulation of its properties has been successfully accomplished using immobilization on different supports, a technique that should be less effective than the full control that this technique can permit.
Future prospects: the ideal epoxy support
At present, there are many possibilities of using epoxy support to stabilize industrial enzymes, following very simple and different protocols even when using the same chemistry. Thus, using this battery of possibilities, a suitable solution is likely to be found for each particular enzyme. The good mechanical properties of Sepabeads have overcome some of the problems of Eupergit R , and the supports may be used in any media (with scarce swelling) or reaction tank (with only small breakage even under vigorous stirring).
In the near future, we can expect that, in addition to the new HF-EA Sepabeads, other commercial supports similar to this one but bearing anionic moieties, or other adsorbent groups below the layer of epoxy groups, may be developed and available to all researchers. Thus immobilization of an enzyme via different orientations by using commercial support might be possible (now, only home-made secondgeneration supports may be used for this goal), increasing the possibility of getting a suitable orientation.
Moreover, some second-generation supports have great interest, such as metal-chelate-epoxy supports. These have revealed themselves as a powerful tool for the one-step purification-immobilization-stabilization of poly-Histagged proteins, and should be tailor-made for each particular enzyme, using an amount of affinity groups as low as possible to adsorb the target protein; thus we get a very selective adsorption and the most intense support-enzyme reaction is permitted. The use of other affinity groups (e.g. dyes and allotter activators) may be a good alternative for the preparation of industrial biocatalysts of many other pure enzymes from crude preparations.
The thiol-epoxy supports, to be used as a general immobilization method of natural proteins, may require the previous modification of the proteins because of the low percentage of proteins bearing cysteine on their surface and did not appear to be very suitable at industrial level (except for ∼10% of proteins having these groups). However, this support coupled with protein engineering techniques may be used to improve processes of a highly interesting bioprocess through the preparation of libraries of proteins rigidified by different areas, fully determined, with different stability, region and enantioselectivity. Thus, for long-term projects, these kinds of supports may open new opportunities that were almost undreamt of some years ago.
Although these supports already permit us to greatly improve the enzyme properties, some improvements in the supports characteristics may permit us to even improve its final performance.
One important evolution from the currently commercially available supports is their fairly hydrophobic nature. New improvements in the supports should consider that, with the new generations, hydrophobicity is no longer necessary to immobilize the enzymes and may reduce the final stability of the immobilized enzyme. Thus the future development of the epoxy supports should consider preparing hydrophilic supports, keeping the good mechanical properties.
Moreover, it is necessary to have supports with the highest degree of epoxy groups, in conditions where they may be very stable to permit long enzyme-support reactions and having the shortest possible spacer arms (mainly in the third generation of epoxy supports) to effectively freeze the enzyme structure. New heterofunctional supports or new uses of the above-described supports may speed up the implementation of many industrial bioprocesses, at present impeded by the lack of suitable biocatalysts.
